MATERIALS AND METHODS
Virus strains. Influenza virus strains A/Finland/74 (H3N2), A/Hong Kong/ll9/77 (H INl), A/Hong Kong/l23/77 (HlNl), A/USSR/92/77 (HlNl), A/Hong/Kong/77 (HlNl-X2 cloned isolate) and A/Okuda/57 (H2N2) were kindly supplied by Dr G. Appleyard, Wellcome Research Laboratories, Beckenham, Kent; the A/Okuda/57 strain has been extensively studied and used in the production of recombinant strains for use as live vaccines for man (Morris et al., 1975; Freestone et al., 1976) . Influenza virus strain WRLlO5 (H3N2) a recombinant of strains A/Finland/74 and A/Okuda/57, and influenza viruses strains WRL206 (H lNl), WRL21 l(HlNl), WRL215 (HlNl), WRL216 (HlNl), WRL217 (HlNl) and WRL224 (HlNl), all recombinants of strains A/Hong/Kong/ll9/77 (X2 cloned) and A/Okuda/57, were also supplied by Dr Appleyard. Influenza virus strains A/Victoria/3/75 (H3N2) and 4A2 (H3N2) were obtained from Dr A. S. Beare, Common Cold Research Centre, Salisbury, Wilts; these were used as control virulent and attenuated strains respectively, in all tests as described previously (Mahmud et al., 19793) . Virus pools were prepared by the allantoic inoculation of 10-day embryonated eggs. After incubation at 33°C for 72 h, the allantoic fluids were collected IP: 54.70.40.11
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and stored at -80°C. The infectivity titre of each virus pool was determined by titration in 10-day embryonated eggs, and the titres were calculated by the method of Reed and Muench (1938) . Experimentalprocedures. The methods to determine the titre of influenza virus in the lungs and turbinates of infant rats after intranasal inoculation, and the assessment of systemic infection by H. infuenzae type b (HIb) have been described previously (Michaels et al., 1978; Mahmud et al., 1979a) . Briefly, infant rats aged 48 h were given intranasal inoculation with 0.01 ml of phosphate buffered saline (PBS), pH 7.4) containing lo4 EID5O of influenza virus. At intervals after virus inoculation, groups of rats were killed and the lungs and turbinates removed; these tissues were individually ground with carborundum powder to give a 20% (v/v) suspension in PBS containing 1.0% bovine serum albumen and antibiotics, centrifuged at 3000 r.p.m. for 20 min. at 4"C, and the supernatant fluids titrated for virus by the allantois-on-shell (AOS) method (Fazekas de St Groth, Withell and Lafferty, 1958) . A second group of rats was inoculated intranasally with 105-106 colony-forming units (c.f.u.) of HIb in 0.01 ml of PBS 48 h after virus inoculation. Three days later, these animals were killed, decapitated and a sample of freerunning blood collected in a capillary tube; a 1 in 10 dilution of blood was prepared in PBS, and the concentration of HIb was measured by viable counting on chocolate agar. At the same time, the rat heads were removed and skinned, and futed in buffered formalin for 5-7 days; after fixation, the heads were decalcified, processed and sectioned; the sections were stained by haemotoxylin and eosin and examined histologically for evidence of bacterial meningitis.
RNA analysis of influenza viruses. 
RESULTS

Replication of influenza viruses in infant-rat turbinates and lungs
The growth of 15 strains of influenza virus, including four naturally occurring strains, two naturally occurring strains used as parents for the preparation of potential recombinant live vaccine viruses, seven recombinant strains, and control influenza strains A/Victoria/3/75 and 4A2, was studied in the turbinates and lungs of infant rats. The results are shown in table I. The titres of virus found in turbinate extracts of rats inoculated with strains A/Finland/74 and WRL 105 were > lo5 EBIDSO/ml at 24 and 48 h, post-inoculation (p.i.). Influenza strains A/Hong Kong/123/77 and WRL206 gave lower titres; for these, titres of lo5 EBIDSO/ml were found 48 h but not 24 h after virus infection. In contrast, all the other viruses tested replicated to relatively low titre, and at neither 24 nor 48 h p.i. were titres of 3 lo5 EBID50lml observed. The titres of virus found 5 days were more variable than those seen 1-2 days p.i. For some strains, virus was identified in turbinate extracts throughout the period of observation, whilst for other strains virus was undetected at day 5, even in studies of strains showing relatively high titres af virus 48 hours p.i. (table I) .
The titres of virus in lung extracts were more variable than in turbinate extracts; in addition, the results were highly individual and showed no apparent pattern (table I) . Thus, relatively high titres of virus were found in the lungs of infant rats inoculated with strains A/Finland/74 and WRL105, which were the two viruses that gave the highest titres in turbinate extracts; virus was I) . Two control viruses were studied in parallel with the above experiments; these were virulent strains A/Victoria/75 and attenuated 4A2; the results obtained with these were similar to those found in previous studies (Mahmud et al., 1979b) . Thus, strain A/Victoria/3/75 grew to > lo5 EBIDSO/ml at 24 and 48 h p.i. in rat turbinates, and was present at > EBIDSO/ml in lung homogenates collected at 24, 48 and 120 hours pi.; in contrast, strain 4A2 replicated to lower titres in turbinates than did A/Victoria/75, but these strains behaved similarly in rat lungs (table I).
H . influenzae type b infection in rats pre-infected with influenza viruses
Forty-eight hours after infection with lo4 EID5O of influenza virus, each rat was given an inoculation of 4 4 -4 3 x lo5 c.f.u. of HIb; the incidence of bacteraemia and meningitis in these animals was determined 48 h after bacterial infection. The results are shown in table 11. For rats previously inoculated with strain A/Finland/74 or WRL105 a relatively high incidence of bacteraemia was found, with 92% and 77% respectively of animals having positive blood cultures; this result was similar to the 83% bacteraemia observed in rats previously inoculated with the control strain A/Victoria/3/75. In contrast, previous infection with strains A/HK/ll9/77, A/USSR/92/77, A/Okuda/57-bb/3, WRL2 1 1, WRL2 15, WRL2 17 and WRL224 provoked significantly less bacteraemia with incidences of positive blood cultures of 8-23%; these results were similar to that obtained for the control, attenuated strain 4A2 (table 11) . Histological evidence of meningitis was observed in 75% of animals previously inoculated with strain A/Finland/74, and 62% of those inoculated with WRLlO5; again the result was similar to that obtained for the control virulent strain A/Victoria/3/75 (table 11). The incidence of meningitis was significantly less for all other viruses tested; thus, for strain A/HK/77 (X2 cloned) the incidence was 23%, whilst for the remaining strains the incidence was < 10% (table 11) .
Correlation of results of influenza virus infection of infant rats with virulence for man and genetic structure
From the results of previous studies, the indicators of influenza virus infection of infant rats that best discriminated between virulent and attenuated strains were the titres of virus in the nasal turbinates soon after infection, and the incidence of bacteraemia after challenge with HIb (Michaels et al., 1978; Mahmud et al., 19793) , these observations for the present studies are shown in table 111, and are related to the gene composition of the recombinant strains investigated. Influenza virus strains A/Finland/74 and A/Victoria/75 were naturally occurring virulent strains which replicated to relatively high titre in the turbinates and the lungs of infant rats, and induced bacteraemia and meningitis in more than 80% and 50% of animalsrespectively. In contrast, attenuated strains A/Okuda/57 and A/HK/ 1 19/77 replicated to relatively lower titres in the turbinates of infant rats, and induced bacteraemia in less than 33% of animals Thus, for these five strains of virus, virulence for infant rats correlated with virulence for man. Recombinant strain WRL 105 behaved as a virulent strain, and this result was consistent with the behaviour of this virus in human volunteers (Dr A. S. Beare, personal communication). In addition, influenza virus strains A/Okuda/57, 4A2, WRL2 1 1 and WRL216 showed relatively low virulence for infant rats, and have been reported to be attenuated in volunteer studies (Okuno and Nakamura, 1966 ; Dr A. S. Beare, personal communication). The results obtained for strains WRL206, WRL215, WRL217 and WRL224 suggest that they were of low virulence for infant rats, but no data are available on their properties in man.
A comparison of the virulence of the influenza viruses for man and infant rats and the genetic structure of the recombinant strains is shown in table 111. Influenza virus strains WRLlO5 and WRL206 both replicated to relatively high titre in infant-rat turbinates, whilst other recombinants replicated to significantly lower titre: the former two strains both possessed gene 1 of strain A/Okuda/57, which also replicated to relatively high titre. Thus, replication 
S. Beare personal communication
7 Okuno and Nakamura (1966) .
1 O=gene from AIOkudaj57 parent; W=gene from wild-type parent; NT=not tested.
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to high titre may be linked to gene 1, but this does not imply virulence per se, because for WRL206 virus this property did not correlate with a marked enhancement of subsequent HIb infection. More studies with a wider spectrum of recombinants of varying human virulence are required to determine the gene or gene constellation associated with virulence.
DISCUSSION
The only acceptable technique for measuring the virulence of influenza virus vaccines for man at present is the inoculation of volunteers; this is a protracted procedure which delays the development of live virus vaccines for general use. Considerable advantage could be obtained from the successful development of a laboratory technique for measuring virulence for man; to this end, the replication of virus in ferrets (Lobmann et al ., 1976; Toms et al., 1976; Fenton, Jennings and Potter, 1977) , virus replication in hamsters (Murphy et al., 1972) and growth in organ cultures of human ferret trachea Tyrrell, 1972, 1973) have been investigated as possible models. At present none of these techniques is a satisfactory alternative to volunteer studies; correlation of the results of human studies with those in tissue culture have been poor (Hara, Beare and Tyrrell, 1974) , whilst too few strains have been studied in animals to allow conclusions.
Limited studies of the behaviour of influenza viruses in infant rats have suggested that the virulence of virus strains for this species may correlate with virulence for man. Thus, virulent strains of influenza virus grew to relatively high titres in rat turbinates, and infection enhanced bacteraemia and meningitis in animals subsequently inoculated with H . influenzae, type b; in contrast, attenuated strains of virus replicated to lower titres in rat turbinates, and did not promote subsequent bacterial infection to the same degree (Michaels et al., 1978; al., 1979 a and b) . To date 19 strains of influenza virus of varying virulence for man have been investigated in rats and, except for strain A/PR/8/34, the results of pathogenicity for infant rats have shown complete agreement with those of volunteer studies. However, these studies were limited to wild-type strains and A/PR/8/34 recombinants; it remained to be determined whether the technique could be applied to recombinant viruses derived by other methods. The present studies report the results of infection of infant rats with wild-type influenza viruses and recombinants of wild-type and A/Okuda/57 strains of virus; these recombinants have been intensively investigated as candidate live virus vaccines for use in man (Morris et al., 1975; Freestone et al., 1976) . Two of the strains examined, A/Finland/74 and A/Victoria/75, are reported to be virulent for volunteers; they grew to relatively high titre in infant-rat turbinates, and promoted a relatively high incidence of bacteraemia and meningitis after intranasal inoculation with HIb. These results are consistent with the behaviour of virulent strains in infant rats, as described in previous studied (Michaels et al., 1978; Mahmud et al., 1979 a and b). Influenza virus strain WRLlOS also replicated to relatively high titre in rat turbinates and markedly enhanced subsequent HIb infection. Initial studies indicated that this virus was attenuated for man (McCahon, Beare and Stealey, 1976) , but larger trials produced some marked and even severe clinical reactions (Moffatt et al., Fell et al., 1977) ; in the opinion of some observers (Campbell, Sweet and Smith, 1979 ; Dr A. S. Beare, personal communication) , this virus should be considered virulent for man, and the present findings in infant rats support this view. In contrast, several strains of influenza virus, including three recombinant strains that had previously been shown to be attenuated for man (Okuno and Nakamura 1966; Dr A. S. Beare, personal communication) , grew to lower titres in the turbinates of rats, and induced a significantly lower' level of subsequent bacterial infection than the virulent strains; again these results agree with those of earlier studies, and emphasise the potential value of the rat model in the assessment of the virulence of influenza virus strains for man. Four other recombinants of strains A/Okuda/57 and A (HlNl) , which have not been tested in volunteers, were e%amined in the infant rat; all these behaved as attenuated strains.
The identification of the gene(s) of influenza virus associated with virulence for man would be of great value in the preparation of attenuated virus vaccines (Almond, 1977; Oxford et al., 1978) ; however, a clear indication of the genetic structure that determines the virulence of these viruses for rat and man is not possible from the limited series of viruses examined in the present studies. Such results as are presented suggest that virulence is not associated with a single gene. Thus, the three recombinant influenza virus strains containing gene 1 from strain A/Okuda/57 grew to higher titre in infant-rat turbinates than the other strains tested; strain WRL105 was virulent for man, whilst the other two strains were more virulent for rats than the remaining strains that did not contain gene 1 from strain A/Okuda/57. This result suggests that gene 1 is possibly one factor in determining the virulence of influenza virus; but is not the only determinant, because strain A/Okuda/57 is non-virulent . These findings support the view that the virulence of influenza viruses is associated with a gene constellation rather than a specific gene (Rott, Orlich and Scholtissek, 1976) . In addition, the constellation of genes determining virulence may vary for different series of influenza virus strains; thus, for a series of recombinants of an avian influenza virus genes 3 and 5 were relevant to virulence (Bean and Webster, 1978) , whilst gene 4 coding for virus haemagglutinin was a factor determining virulence for a series of recombinants of strain A/PR/8/34 (Beare and Hall, 1971 ).
SUMMARY
Infant rats were infected intranasally with wild influenza virus strains, attenuated strain A/Okuda/57 or recombinants prepared from these parents. The growth of viruses in the turbinates or lungs, and the ability of virus infections to potentiate subsequent bacterial infection by Haemophilus influenzae (HIb) were measured. The two wild strains of virus and a recombinant strain WRLIOS, known to be virulent for man, reached titres of 105.1-106.5 EBIDSO/ml in the turbinates of infant rats 48 h after infection; infection by these viruses was followed by HIb bacteraemia in 77-92% and meningitis in 58-75% of animals. In contrast, virus strains known to be attenuated for man grew to lower titres in infant-rat turbinates and promoted a lower incidence of systemic infection by HIb than the virulent strains. A comparison of the various results of infection of infant rats with influenza virus strains of known pathogenicity for man indicated that the subsequent incidence of HIb bacteraemia was the most discriminating measurement of virus virulence; the range of yields of attenuated virus in rat turbinates overlapped that of virulent strains. These results, together with those of previous studies, indicate that the behaviour of influenza viruses in infant rats is an indication of virus virulence for man, and could provide a test of virulence that would facilitate the development of live attenuated virus vaccines for human use.
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